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ABSTRACT
Part I
New copper-containing compounds and mixtures have been found to be effective 
flame-retardant and smoke-suppressant additives for plasticized [Poly(vinyl chloride)] 
PVC. Copper-containing PVC samples were studied by using gelation tests, and the 
results demonstrated that various copper complexes promoted cross-linking of PVC via a 
reductive coupling mechanism. Further study with a cone calorimeter showed that these 
complexes greatly reduced the flame and smoke emission when they were added to PVC. 
A subsequent synergism study revealed two optimal combinations of the copper 
compounds, which were 2:1 Cu3(Mo0 4 )2(OH)2/CuSn0 3  and 3:1 CuSb2(V
Q 13(Mo0 4 )2(0 1 1 )2. On an overall basis these two combinations showed a better 
performance than all of the conventional smoke suppressants with which they were 
compared.
Part II
A well-known flame-retardant, “Dechlorane Plus” (Dech Plus), which is made 
from 1,5-cyclooctadiene and hexachlorocyclopentadiene, experiences partial reductive 
dechlorination in nylon 6 ,6  and polyethylene (PE) at 325°C. This process is promoted 
significantly by antimony(III) oxide and causes weight losses which are apparently due to 
the formation of at least two volatile products, HC1 and antimony(III) chloride. The 
reductive dechlorination reaction therefore seems to make a major contribution to the 
antimony/chlorine synergism that suppresses flame in polymer systems. The present 
work establishes the operation of a free-radical mechanism for the reductive 
dechlorination reaction.
x
PART I. NEW COPPER COMPOUNDS AS SMOKE SUPPRESSANTS FOR 
PLASTICIZED POLY(VINYL CHLORIDE)
2I. Introduction
1.1. Background
Poly(vinyl chloride) (PVC) is one of the most common polymers produced and
consumed worldwide. This material was invented in 1835 by French chemist V.
Regnault when he discovered that a white residue could be obtained from ethylene
dichloride in an alcohol solution (sunlight was the catalyst) . 1 In 1933 PVC was patented
by the B.F. Goodrich Company in a process that combined a plasticizer, tritolyl
phosphate, with PVC to make it easily moldable and processible. 1 With a market of 24.4
million tons (1999), PVC is the third synthetic polymer in volume (after polyethylene and
polypropylene) .2 Its attractive economy of production and easy processing, combined
with ease of property adjustment, are enhancing the economic role of PVC by yearly
growth rates of around 3-6%. The polymer has been widely used in such diverse
applications as electrical insulation, cable sheathing, medical tubing, food wrap, outdoor
furniture, swimming-pool liners, electrical conduit, pressure pipe, garden hose, house
sidings, bottles, flooring, clothing, and construction materials.
Poly(vinyl chloride) is produced by addition polymerization from vinyl chloride
monomer in a head-to-tail alignment, as shown in Figure 1:
H H
\  /  H H
\  ___  /  / I  I \
n /c — c\  -------------------- — f - c ------------- c - j —
/  \  M  I
H Cl H Cl
Figure 1. Synthesis of PVC
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Since PVC is widely used as an electrical insulator and for other applications in 
which the flame spread must be minimized, the behavior of PVC materials during fire is 
of great importance. The PVC itself is inherently flame-retardant because of its high 
chlorine content (56.7% weight percent), and it has a limiting oxygen index (LOI) higher 
than 40%.2 It is also possible to obtain nonflammable materials by further chlorination of 
the poly(vinyl chloride) structure. However, pure PVC is often compounded with 
plasticizers in order to make it pliable and thus suitable for a wide variety of applications, 
including wire insulation and cable sheathing, where flexibility is required. In contrast to 
the good intrinsic fire-retardant properties of unplasticized PVC, plasticized PVC can 
show an oxygen index below 27%. It is, therefore, especially vulnerable to burning, and 
it evolves large amounts of smoke and toxic gases, as shown in Figure 2. 3
Heat
>  PVC
^  Pyrolysis
TOXIC
GASES
^  Ignition 
— FLAMED O2 (Air)l
SMOKE
Figure 2 . Combustion of PVC 
The generation of smoke and toxic gases during the burning of PVC presents a 
significant hazard. It has been shown that when synthetic polymers are involved in fires, 
the number of deaths may be very large even in fires that are quite small. This result is 
due to the additional hazards of suffocation by the smoke and poisoning by the fumes
4
which are produced in large quantities from the burning polymers. Another adverse 
property of smoke is that it severely limits visibility, making escape more difficult, an 
effect which can lead to panic and thus increase mortality rates.4
The fire hazard associated with PVC has raised concern from both the general 
public and the federal government, and numerous efforts have been made to overcome 
this problem by the use of smoke-suppressant and flame-retardant additives. One 
obvious way to assist the fire resistance is to add nonflammable fillers. If the filler is 
inert, possessing no smoke-suppressant activity, it lowers smoke by diluting the organic 
content of the formulation with a nonflammable material. Another way is to find a 
smoke-retardant additive that can be added to PVC compounds in order to assist in the 
restoration of fire resistance and to impart a reduction in the evolution of smoke from the 
burning polymer. The search for more effective additives has been a key area in flame 
retardancy research.
1.2. PVC Pyrolysis
Benzene ------------^  Smoke
Cross-linked polymer
Cis, trans polyene
PVC
All-trans polyene I
Char
Figure 3. PVC pyrolysis 
The mechanism of PVC pyrolysis has attracted a great deal of attention over the 
years. Although there still are some controversies, a relatively complete mechanism can 
be summarized as in Figure 3. 5
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The first step is dehydrochlorination, which can occur at temperatures as low as 
100-120°C and leads to the formation of conjugated polyene sequences owing to the loss 
of gaseous HC1 (Figure 4) .6 The generation of polyene sequences during PVC pyrolysis 
affects the physical appearance of the polymer and causes it to turn yellow, red, brown, 
and eventually, black. Also, the mechanical and electrical properties of the polymer 
deteriorate rapidly.7 The mechanism of dehydrochlorination will be discussed below.
Heat -«HC1
Figure 4. Dehydrochlorination of PVC 
In the second step, the conjugated polyene can undergo further pyrolysis to yield a 
vast array of hydrocarbon products. Aromatic hydrocarbons are the main class, of which 
the major part is benzene.8 These hydrocarbons bum in the vapor phase to generate 
smoke. Other components of these aromatics include toluene, styrene, indene, 
naphthalene, biphenyl, and anthracene.8
According to a study conducted by Montaudo and Puglisi,9 there are two steps in 
the thermogravimetric analysis (TGA) curve. The first weight loss occurs at about 320°C 
and is caused by the evolution of HC1 and unsubstituted aromatic compounds (benzene, 
naphthalene, anthracene). The second weight loss occurs at about 450°C and consists 
mainly of substituted aromatic compounds (toluene, methylnaphthalene).
6
Deuterium labeling experiments by Lattimer and Kroenke using pyrolysis/gas 
chromatography/mass spectroscopy showed that benzene formation is the result of 
intramolecular cyclization at a cis linkage in the polyene chain, rather than cross-linking
“pure conjugated” aromatic pyrolysates (e. g., styrene, naphthalene, biphenyl, and 
anthracene) are formed mainly by intramolecular cyclization. “Mixed aromatic- 
aliphatic” pyrolysates (e. g., toluene, indene, and methylnaphthalene) are formed at least 
partially via intermolecular mechanisms. 10
If  the polyene segments can be induced to undergo cross-linking reactions, the 
intramolecular production of volatile aromatics will be limited, and a thermally stable 
char will be generated. The char tends to cool the substrate, excludes the oxygen 
necessary for combustion, and reduces the quantity of toxic gases and smoke. 11 Many 
metal compounds are well-known to be smoke suppressants which can divert the reaction 
of conjugated polyenes away from benzene formation and favor the pathway of cross-
i ^
linking and charring of PVC.
between neighboring PVC/polyene chains (Figure 5) . 10 They also showed that other
Cis Linkage
Figure 5. Benzene formation via intramolecular cyclization
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1.2.1. Mechanism of Dehydrochlorination
It is believed that most of the thermal degradation of PVC starts from thermally 
labile “structural defects” in the polymer chains.6 Despite the lack of consensus, the 
internal allylic and tertiary chloride segments now seem to be considered by the majority
r  i  ^
of researchers as the most important labile structures. ’ Allylic chlorides are predicted 
by some scientists to have a more pronounced effect on dehydrochlorination than tertiary 
chloride. However, others consider tertiary chloride to be of prime importance. 14,15
A great number of mechanisms has been suggested for the initiation of 
dehydrochlorination and the growth of conjugated polyenes due to this 
dehydrochlorination during the thermal degradation of PVC. First, there is a radical 
mechanism, as shown in Figure 6 , 16 which begins with abstraction of a hydrogen atom 
from PVC by a free radical, R*, in the system. The free chlorine radical formed next can 
abstract a hydrogen atom from the polymer to produce HC1 and an allylic radical in the 
chain; subsequent repetitive loss of chlorine radicals can lead to the formation of 
conjugated polyene sequences. However, Starnes and Edelson12 suggest that this 
mechanism is extremely unlikely to operate when the medium has sufficient fluidity to 
allow the facile diffusion of chlorine atoms, a condition that should exist in plasticized 
PVC at elevated temperatures. Under this circumstance, the freely diffusing and highly 
unselective chlorine atoms will preferentially attack the unactivated CH2CHC1’s, which 
have a much higher concentration than the allylic structures. This attack will lead to a 
random distribution of double bonds throughout the entire sample, rather than to the 
stepwise growth of a conjugated polyene sequence.
8etc.
Figure 6 . Free-radical mechanism for dehydrochlorination
In their opinion, 12 a much more likely mechanism for the polyene growth reaction
/  1
is the ion-pair mechanism ’ which is depicted in Figure 7. The initial loss of chloride 
ion and the formation of a cation in the polymer are followed by elimination of hydrogen 
ion. The new allylic chloride group formed in the polymer backbone could then initiate
♦ 17zip-elimination. This mechanism is also supported by another calculation, which 
showed that PVC is a suitable medium for the formation of carbenium chloride ion pairs. 
In relatively nonpolar media, these ions pairs should keep their original stereochemistry
9
to a large extent. 18 Thus, the chloride ion should abstract the nearest available proton in 
order to complete the elimination process and form a double bond in a conjugated 
polyene sequence. In this mechanism, HC1 is a catalyst of PVC degradation, a property 
which was confirmed by many researchers. 5
Cl Cl Cl
- HC1
Cl
Figure 7. Ion-pair mechanism for dehydrochlorination
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1.2.2. Mechanism of Benzene Formation
Benzene is the principal volatile organic substance formed during the early stage 
of the pyrolysis of PVC. 12,19 Benzene combustion is also the major source of smoke 
during the burning of the polymer. Therefore, an understanding of the mechanism by 
which benzene is formed is important in understanding the mechanism by which smoke- 
suppressant and char-forming additives act in PVC. Such knowledge should facilitate the 
design and development of more effective smoke suppressants.
Several mechanisms have been suggested for benzene formation. All mechanism 
proposals related to intermolecular routes have been excluded by the isotope labeling 
experiments of O’Mara, Starnes, Lattimer, et al.5,10 On the other hand, an intramolecular 
cyclization mechanism is supported by a large number of experiments. Starnes and 
Edelson pointed out that only c/s-polyene structures could undergo cyclization and 
subsequent benzene elimination. 12 They also proposed an intramolecular hexatriene 
mechanism for benzene formation, shown in Figure 5. This mechanism involves the 
intramolecular Diels-Alder cyclization of a triene moiety into a cyclohexadiene stucture 
which is converted into benzene by two successive C-C homolyses. Resonance 
stabilization provides a strong driving force for the C-C scissions.
There are several findings that support the benzene formation from polyene 
intermediates. First, the rate of benzene formation is enhanced by the presence of
OC\ 01 01HC1 ’ and remains high even after the excess HC1 has been removed. As it is well- 
known that HC1 can catalyze the formation of polyenes from PVC, 12 these observations 
are consistent with this property. Second, benzene formation from polyene intermediates 
is supported by the finding of autoaccelerating evolution of benzene under conditions that
11
should lead to a constant concentration of HC1 in the polymer.22,23 Finally, a preliminary 
thermal dehydrochlorination of PVC will increase the amount of benzene evolved upon 
subsequent pyrolysis at higher temperatures.24 This result suggests that mild thermolysis 
gives relatively high yields of intermediate structures that can be converted into benzene 
by further heating.
1.3. Action Mechanism of Additives in PVC
A large number of chemical additives has been reported to be smoke suppressants 
for PVC, but in general, the most effective additives are compounds of transition metals, 
particularly oxides and chlorides.25,26 The active smoke suppressants change the thermal 
degradation pattern of the PVC and promote the formation of char. Generally, the 
addition of additives to PVC has three effects:
1) Smoke formation is reduced.
2) Char formation is promoted.
3) The yield of volatile aromatic compounds is reduced.
These effects have been observed for a number of metal additives, including compounds
9 7of molybdenum, copper, iron, nickel, and bismuth.
The first mechanistic studies regarding smoke retarders in PVC were conducted 
with ferrocene.28,29 Principal analytical techniques used were the NBS smoke chamber 
and oxygen index measurements, along with thermogravimetric analysis (TGA). 
Lawson28 found that ferrocene increased char formation in PVC and concluded that it 
“promoted early weight loss and crosslinking in PVC”. He suggested that ferrocene 
might function via a vapor-phase mechanism, since it is rather volatile. However, later
12
work by Lattimer and Kroenke19 suggested that ferrocene is not a very effective smoke 
suppressant for PVC, because at normal processing temperatures, most of it is lost 
because of its volatility, and it is also rapidly vaporized from PVC during burning. In 
addition, ferrocene can be lost from PVC on aging.19
Lecomte et al. also studied ferrocene as a smoke retarder in PVC. By using 
smoke data and TGA-GC, they found a linear correlation between the amount of benzene 
evolution and smoke generation. However, there was no clear correlation between smoke 
and char levels.
In a follow-up study, Bert, Michel, and Guyot investigated a number of metal 
salts as smoke retarders in PVC. Experimental techniques used were TGA and dynamic 
combustion measurements of smoke, char, CO, and CO2 in a tubular reactor. They 
concluded that smoke formation appears to occur after the dehydrochlorination process 
and that since the evolution of benzene is concomitant with the dehydrochlorination, it is 
possible that smoke is not directly related to the benzene formation. Moreover, they 
proposed that “oxidation catalysis” was an important mechanism for smoke reduction, 
while other workers suggested that it is more likely a secondary effect.
Later work at Bell Laboratories12,31 concentrated on the functional role of 
molybdenum trioxide. Molybdenum trioxide has received particular attention because of 
its mode of smoke suppression. The first Bell Laboratories report, by Lum, contrasted 
Sb20 3 and M0 O3 as flame and smoke retarders for plasticized PVC. The principal 
investigative technique used was “laser microprobe analysis”, a form of direct 
pyrolysis/mass spectrometry. Lum concluded that while Sb2C>3 works mainly through 
volatile chloride species in the vapor phase, M0 O3 works through “condensed-phase
13
mechanisms and heterogeneous reactions”. He proposed: “Evolution of benzene and 
toluene from the polymer is inhibited by a chemisorption process apparently involving 
the formation of relatively stable 7c-arene complexes with M0 O3”.
The second article from Bell, by Edelson et al. ,31 refutes Lum’s earlier conclusion 
that M0 O3 forms n complexes with aromatic decomposition products of PVC. Instead, 
the authors propose that M0 O3 acts by a Lewis acid mechanism to promote the formation 
of trans polyene segments during dehydrochlorination of the PVC chains.
The later report from Bell by Starnes and Edelson reviewed the mechanism of 
benzene formation during PVC pyrolysis and explained the “Lewis acid” mechanism for 
benzene reduction. 12 They said “Since abundant evidence exists to show that benzene 
combustion is also the major source of smoke during the burning of the polymer, the 
smoke-suppressant action of M0 O3 must be related to the ability of this oxide to reduce 
the benzene yield”. This statement was considered by other authors to be the “key 
revelation that never has been stated so clearly in the chemical literature” .19 On the 
basis of evidence from isotopic studies and the behavior of small-molecule PVC models, 
a series of Lewis-acid-promoted pathways was proposed for the thermal decomposition 
of PVC in the presence of M0 O3 or M0 O2CI2.34
The smoke-suppression action of Mo(VI) could be due to its catalysis of at least
I
three reaction types. The first one is dehydrochlorination to form all-trans polyene 
segments by inducing dehydrochlorination via a dissociated ion pair that does not keep 
the original stereochemistry (Figure 8 , where Z is the Lewis acid).
14
H Cl b  C1Z"
z +
R C C R’ R C C R'
H H H H
+ Z + HC1
Figure 8 . All-trans polyene formation via dehydrochlorination
The second reaction is isomerization of ds-alkene into the /nms-alkene, which is
more thermodynamically stable (Figure 9).
M H
H H
Z
R' R
R R '
Figure 9. Isomerization of czs-alkene into trans-alkene
The Bell workers proposed that during dehydrochlorination, the M0 O3 acts as a Lewis 
acid isomerization catalyst to promote the formation of trans alkene segments. These 
trans polyenes, which cannot undergo intramolecular cyclization to form benzene, are 
stable to higher temperatures where different mechanisms ensue to give aliphatic (less 
smoky) products.
to Figure 10. The Lewis acid forms a carbocationic site by abstracting a chloride from 
the polymer backbone. The resulting carbocation can undergo a Friedel-Crafts reaction
described above, cross-linking is expected to decrease the amount of volatile hydrocarbon 
fuel produced by pyrolysis, while increasing the mass of solid char.
The third reaction is the cross-linking of polyene segments by Friedel-Crafts 
alkylation or Diels-Alder cyclization.33 Cationic cross-linking could proceed according
with a double bond of a dehydrochlorinated chain to form a cross-linked polymer. As is
15
Figure 10. Cationic cross-linking of polyene segments
16
Although M0 O3 showed flame-retardant and smoke-suppressant action in small- 
scale laboratory tests, the anomalous behavior was an inconsistency between small-scale 
and large-scale tests of M0 O3 in plasticized PVC compounds formulated for use as wire 
and cable insulation. Edelson et al. found that in a large-scale test, M0 O3 was ineffective
o 1
in limiting flame spread. At high temperatures, the Lewis acid also caused the cationic 
cracking of the char into volatile aliphatic hydrocarbons.5 This result is consistent with 
the observation that the ratio of volatile aromatics to aliphatics decreases sharply when 
PVC is pyrolyzed with M0 O3 at high temperatures. 19 The aliphatic hydrocarbons 
function as a superior fuel, bum efficiently, and produce less smoke. Hence, the cationic 
cracking of PVC polyene residues during a fire would be expected to decrease the smoke 
while increasing flame spread. Therefore, this cracking effect can potentially counteract 
the overall efficacy of the additives during building fires, in which very high 
temperatures are always reached.
In addition to the Lewis-acid mechanism, Lattimer and Kroenke19 proposed a 
reductive coupling mechanism for M0 O3. They suggested that M0 O3 acts as a coupling 
agent to join allylic or alkyl chain segments during PVC thermal degradation and thereby 
promotes the early cross-linking of the PVC chains (Figure 11, where M is the metallic 
coupling agent) . 19
+ 2 [MCI]
+ 2 [MCI]
Figure 11. Allylic or alkyl chain segments joined by M0 O3
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This mechanism has several features which make it attractive as a smoke- 
suppressant process: (1) It predicts early chlorine removal from PVC chains, which will 
help to explain the catalyzed dehydrochlorination at lower temperatures and the increased 
dehydrochlorination rate for M0 O3-PVC, as is stated in Lattimer and Kroenke’s paper.19 
(2) The cross-linking of P VC chains would be promoted, which could reduce the volatile 
pyrolysate (and smoke) and enhance char formation. (3) The coupling reaction can occur 
very early in the degradation process, so that an isolated allylic chlorine 
dehydrochlorination site can be attacked directly. The removal of an allylic chlorine 
provides a shortstop for further polyene chain propagation.
However, some later work showed that the reductive coupling mechanism only 
plays a minor role (if any) in MoC>3-containing PVC. The M0 O3 actually behaves as a 
Lewis-acid coupling agent, 26,33 as is shown by the following observations: (1) It 
promotes the dehydrochlorination, as is expected for a Lewis acid, while a reductive 
coupling agent should inhibit it. (2) Hexavalent molybdenum is not an oxidizable species 
and thus cannot promote reductive coupling directly. (3) There was no conclusive 
evidence for the occurrence of reductive coupling reactions when M0 O3 or M0 O2CI2 
were used in model-compound studies.
Although M0 O3 was proved to act via the Lewis-acid mechanism, there are some 
other additives that favor this reductive coupling reaction. They include several low- 
valent metal compounds studied in our laboratory. Reductive coupling of small 
molecules has been reported in the literature and is usually promoted by Group IB metals 
(Cu, Ag, Au); examples are shown in Figure 12.
18
C2H5Auffl(CH3)2P<|>3 
2C2H5AuiP<|)3 -----
>  C3H8 + CH3AuIP(|)3
2<(> -C H 2-C1
 ► C4H10 + 2Au + 2P<t>3
CifoAc
CH3CN,en <|) —CH2—CH2—<|)
Figure 12. Examples of Group IB metals acting as coupling agents 
In addition, it is documented that allylic halides can undergo reductive coupling 
promoted by low-valent metal complexes34 (for examples, see Figure 13 )
Cl CuOAc
HN2CH2CH2MH2
C1 CoCltPPh^j
Figure 13. Examples of reductive coupling by low-valent metal complexes
and that highly active zero-valent metal powders can cause allylic, benzylic, and in some 
cases, alkyl and aryl halide reductive coupling. Since allylic chloride groups are present 
in the degrading polymer, it is probable that similar reductive coupling occurs during the 
cross-linking of PVC by low-valent metals, as indicated in Figure 14.
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The mechanism of these coupling reactions probably involves three steps, the first of 
which is the oxidative addition of the organic halide to the metal center, a process that 
increases the oxidation state of the metal. Bimolecular ligand exchange then gives rise to 
a metal dihalide and a metal dialkyl. In the last step, the metal dialkyl readily undergoes 
reductive elimination in order to yield the starting metal and a C-C bond.
Figure 14. Reductive coupling mechanism
The reductive coupling agents offer a number of advantages over Lewis-acid- 
based smoke suppressants. As shown in Figure 14, each reductive coupling cross-link 
would simultaneously halt the growth of two polyene sequences. The resulting inhibition 
of dehydrochlorination would slow the degradation of the polymer. Furthermore, metal 
additives that are readily reducible and thus might act as reductive coupling agents
20
typically are weak Lewis acids. Therefore, they would not be likely to catalyze char 
cracking while they were promoting the beneficial cross-linking.
The metal compounds used as reductive coupling agents should possess the 
following properties. First, the metal should have relatively low electrochemical activity; 
that is, the metal should be relatively easy to reduce to the zero oxidation state. Second, 
the metal should be present in a low oxidation state in the original additive compound. 
Third, the low-valent-metal formation temperature should be higher than that of polymer 
processing. Fourth, the metal compound should be inexpensive, colorless, and have 
minimal toxicity.34
Our research is focused on the use of copper complexes as smoke suppressants for 
PVC. Copper compounds are promising for several reasons. Copper has three common 
oxidation states, and the energies of these three states are very close to one another. 
Copper(O) works effectively as a cross-linking agent in laboratory tests, but the metal 
powder is too reactive to be compatible with polymer formulations. When copper® 
readily disproportionates into a mixture of copper(O) and copper(II) (reaction 1), the 
copper(O) thus formed is an excellent reductive coupling agent.34 Furthermore, copper® 
compounds are usually colorless, because the metal has a d10 electronic configuration and 
hence is not subject to electronic transitions within the d-shell. Finally copper 
compounds generally are inexpensive and have low toxicity. Copper(II) also is readily 
reducible, as long as oxidizable ligands are present, as in reaction 2 .
2Cu® ---------- ► Cu(II) + Cu(0) (1)
CuC20 4 ---------- ► Cu(0) + 2C 02 (2)
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The goal of the present research was to develop and test a series of copper 
compounds in order to determine their flame-retardant and smoke-suppressant 
performance in PVC. Pyrolysis studies were used to screen the cross-linking efficiency 
of these additives, and a cone calorimeter was used to evaluate their flame and smoke 
parameters in the plasticized polymer.
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II. Experimental
2.1. Materials
The PVC was a powdered commercial (Aldrich) product containing no additives. 
Palatinol 79P plasticizer [tri(«-heptyl, w-nonyl) trimellitate] was acquired from BASF 
Canada. Additive compounds CU2O, Q 1C2O4, Cu(0 2 CH)2*1 .5 H2 0 , 2 Z n O 3 B2 0 3*3 .5 H2 0 , 
Sb20 3, and (NELi^MogC^, as well as additive precursor compounds CuS0 4 #5 H20 , 
Na2M o04*2H20 , Na2Sn03*3H20 , Na2Si03*3H20 , NaS2CNEt2*3H20 , and NaSb03*3H20  
were obtained from commercial sources and used as received. Additive compounds 
CuCl and CuBr were purchased from commercial sources and purified by 
recrystallization from aqueous HC1 and HBr, respectively, as described below.
2.1.1. Purification of CuCl
One hundred grams of impure CuCl was dissolved fully in 400 mL of 
concentrated aqueous HC1 by stirring. The solution was then poured slowly into 1250 
mL of deionized water that had been deoxygenated by bubbling with argon for 30 min. 
The white precipitate that immediately formed was allowed to settle before the clear 
liquid above it was decanted. This step was repeated several times in order to remove as 
much liquid as possible. The suspension was then vacuum-filtered, while being careful 
not to allow the water level to drop below the surface of the solid mass. The recovered 
solid was washed on the filter with 95% ethanol, diethyl ether, and acetone in succession
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for three times while making sure that the crystals never had direct contact with the air 
until they were thoroughly washed. Then the solid was dried at 40°C in a vacuum oven 
overnight.
2.1.2. Purification of CuBr
Commercial CuBr was purified in the same manner as CuCl, except that the acid 
used to dissolve the CuBr was concentrated aqueous HBr rather than aqueous HC1.
2.1.3. Preparation of CuCl(BPP)
In 50 mL of CHCI3, 10.1 mmol (6.54 g) of tris(2,4-di-/-butylphenyl) phosphite 
(BPP) was dissolved. Into the solution, 10.1 mmol (1.00 g) of CuCl was added. The 
resulting suspension was stirred for 0.5 h at 25°C under nitrogen, during which time it 
became less cloudy. The suspension was filtered, and excess solvent was then removed 
under vacuum until a colorless oil remained. The oil became a white solid during 
evacuation on a high-vacuum line. The collected product mass was 6.35 g, representing 
an 84% yield.
2.1.4. Preparation of Cu(S2CNEt2)
Solid CuS0 4 *5 H2 0  (6.26 g, 25.1 mmol) was added to an ice-cold solution 
prepared from 25 mL of concentrated aqueous NH3 and 100 mL of H2O, thus forming a 
royal blue solution. Over a period of 45 min, solid NLhOH'HCl (3.89 g, 56.0 mmol) was 
added. Stirring overnight under a nitrogen purge produced a colorless solution of 
[Cu(NH3)4]+. By using a syringe, a solution of NaS2CNEt2*3 H2 0  (7.04 g, 31.3 mmol) in
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80 mL of H2O was added. A yellow-brown solid formed immediately. The solid product 
was collected via filtration and washed with H2O, ethanol, and ether in succession, then 
vacuum-dried. It was recrystallized by dissolving in CHCI3 and precipitating with ether 
(yield: 3.47 g, or 65%).
2.1.5. Preparation of Cii3(MoC>4)2(OH)235
A 250-mL aqueous solution of l^ M o O ^ f L O  (21.6 g, 89.4 mmol) was added 
dropwise to a 250-mL aqueous solution of CuSCVSfLO (33.5 g, 134 mmol). A pale 
blue-green precipitate formed immediately. The suspension was heated under reflux 
overnight, and the precipitate (now pale green) was collected by filtration and washed in 
succession with H2O, 95% ethanol, and acetone. After drying under vacuum overnight, 
the solid weighed 15.9 g (yield, 65%).
2.1.6. Preparation of CuSnC>3
The preparation of CuSn0 3  entailed a procedure similar to that used for 
CU3(Mo0 4 )2(OH)2, except that an aqueous solution of Na2Sn0 3 *3 H2 0  was used instead 
of the Na2Mo0 4 *2 H2 0  solution. The yield of CuSnC>3 was 100%.
2.1.7. Preparation of CuSi(OH)6
The preparation of CuSi(OH)6 involved a procedure similar to that used for 
CU3(Mo0 4 )2(OH)2, except that an aqueous solution of Na2Si0 3 *3 H20  was used instead 
of the solution of Na2Mo0 4 #2 H20 . The yield of CuSi(OH)6 was 41%.
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2.1.8. Preparation of CuSb2C>6
The preparation of CuSb2 0 6  also entailed a procedure similar to that used for 
CU3(Mo0 4 )2(OH)2, except that an aqueous solution of NaSb0 3 #3 H2 0  was used instead of 
the Na2MoC>4#2 H2 0  solution. The yield of CuSb2 0 6  was ca. 100%.
2.2. Gelation Studies
These were performed by using 10 wt % of an additive or additive mixture in 
unplasticized PVC. Typically, the total mass of the mixture was 1 g (0.9 g of PVC and 
0.1 g of additive). These components were mixed by grinding with a mortar and pestle 
immersed in a liquid-nitrogen bath. After thorough mixing, 0.5 g of the mixture was 
placed into a 25-mL Erlenmeyer flask. The flask was heated at 190°C for 1 h under an 
argon flow of 50 mL/min. Then the pyrolyzed mixture was weighed and placed in a 
cellulose thimble which had been weighed after previously being washed with hot THF 
in a Soxhlet apparatus and subsequently dried in a vacuum oven. The filled thimble was 
subjected to Soxhlet extraction with hot THF overnight, dried overnight to constant 
weight in a vacuum oven at 40°C, and subjected to a final weighing in order to enable 
determination of the mass of the residue. Then the extraction, drying, and weighing 
procedures were repeated in order to ensure the complete removal of any residual soluble 
uncross-linked PVC. Gel yield was obtained as the weight percentage of the insoluble 
PVC-additive residue after pyrolysis. All samples were run at least twice, and the 
reproducibilities of the gel yields and mass losses were found to be within ± 1 0 % of their 
mean values.
2.3. Cone Calorimeter
laser photometer beam
temperature and differential pressure 
measurements made here
exhaust hood
cone heatersoot collection filter
.spark igniter
controlled flow 
rate specimen
Figure 15. Cone calorim eter
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The cone calorimeter is a device used to bum small samples of various materials 
and gather data on heat release, combustion products, and other parameters associated 
with combustion. The cone calorimeter used in the present work is shown pictorially and 
schematically in Figure 15. It was manufactured by Fire Testing Technology.
The cone calorimeter is based on the principle of oxygen consumption 
calorimetry. This empirical principle is derived from the observation that, generally, the 
net heat of combustion of any organic material is directly related to the amount of oxygen 
required for the combustion process.
At the core of the instrument is a radiant electrical heater in the shape of a 
tmncated cone (hence the name). This heating element irradiates a flat horizontal 
sample, 100 mm x 100 mm and up to 50 mm thick, placed beneath it, at a preset heating
'■y
flux of up to 100 kW/m . The sample is placed on a load cell for continuous monitoring 
of its mass as it bums. Ignition is provided by an intermittent spark igniter located 13 mm 
above the sample.
The gas stream containing the combined combustion products is captured through 
an exhaust duct system consisting of a high-temperature centrifugal fan, a hood, and an 
orifice-plate flowmeter. The typical air flow rate is 0.024 m /s. Oxygen concentration in 
the exhaust stream is measured with an oxygen analyzer capable of an accuracy of 50 
ppm, and the heat release rate is determined by comparing the oxygen concentration with 
the value obtained when no sample is burning.
Smoke obscuration measurements are made in the exhaust duct by a helium-neon 
laser, with silicon photodiodes as main beam and reference detectors, and appropriate 
electronics to derive the extinction coefficient and set the zero reading. Locations are
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also provided in the exhaust duct for additional sampling probes to determine 
concentrations of other combustion products, such as the carbon oxides.
All data are collected with a PC, which records the data continuously at fixed 
intervals of a few seconds while a test is being conducted.
The cone calorimeter is used to determine the following principal fire properties: 
rate of heat release per unit area, cumulative heat released, effective heat of combustion, 
time to ignition, mass loss rate, and total mass loss, as well as smoke obscuration.
The test method for using the cone calorimeter is ASTM E 1354, "Standard Test 
Method for Heat and Visible Smoke Release Rates for Materials and Products Using an 
Oxygen Consumption Calorimeter". This test method is available from ASTM or in most 
libraries, including WPI's Gordon Library.
In our laboratory, plasticized PVC plaques (1 0 0  x 100 x 3 mm3) containing ca. 40 
g of PVC, 30 phr (parts by weight per hundred parts of resin) of plasticizer, and 10 phr of 
an additive or additive mixture were prepared from blends that were mixed by grinding 
with a mortar and pestle. The plaques were made in a stainless steel mold with a Carver 
laboratory press (Model C) at 20,000 psi. Mold temperature was raised within 7 min to 
150°C and then was held at 150°C for 4 min.
Plaques were burned in the flaming mode with spark ignition according to the 
standard test procedure (ASTM E 1354), using a heat flux of 50 kW/m2 and a horizontal 
receptacle that allowed the plaques to be immobilized with a stainless steel grid. In 
numerous replicate runs, reproducibilities were found to be within ± 1 0 % for all 
parameters studied. These parameters are listed and described in Table 1.
Table 1. Cone calorimeter parameters
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Parameter Abbreviation Unit Description
Time to ignition TTI s Time of sustained (>10 s) flaming
Time to flame-out s
Time elapsed up to the 
disappearance of the last 
small flame
Specific extinction area 
(average & peak) SEAav, SEApk m2/kg
Smoke produced per unit 
mass being volatilized
Total smoke released TSR unitless Cumulative smoke produced
Heat release rate 
(average & peak) HRRav, HRRpk kW/m2
Rate of heat release per unit 
sample area
Total heat released THR MJ/m2
Cumulative heat energy 
released during flaming per 
unit sample area
Mass loss rate 
(average & peak) MLRav, MLRpk g/s
Mass of sample being 
volatized per unit time
Effective heat of 
combustion (average) EHCav MJ/kg
Heat release per unit mass 
being volatilized
Char yield CY % Percent of sample mass remaining after burning
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III. Results and Discussion
3.1. Choice of Additive Compounds
In this work, several classes of copper compounds were investigated as potential 
smoke-suppressant additives. These included simple salts of copper(I), copper(I) 
thiolates, salts of copper(II) with oxidizable anions, and mixed-metal oxides of 
copper(II). The copper compounds used and their decomposition temperatures are shown 
in Table 2.
Because of their low price, high copper content, and in the case of the halides, 
lack of color, the simple compounds of copper(I), CuCl, CuBr, and CU2O, were first 
choices as potential additives. However, the halides are sensitive to oxidation and turn 
green because of Cu(II) formation under long-term exposure to moist air. This oxidative 
instability was considered to be a potential polymer formulation problem.
Copper(I) salts of sulfur-based anions were studied because these compounds are 
more stable toward air and moisture than the simple halides. A salt synthesized by us is 
that of the S2CNEt2_ (diethyl dithiocarbamate) anion. A potent PVC cross-linking agent, 
the copper(I) complex of the highly hindered phosphite BPP also was prepared.
In addition to copper(II) oxalate and formate, the use of copper(II) salts was 
extended in the present study. Copper(II) molybdate, stannate, silicate, and antimonate 
were prepared by simple aqueous reactions and were shown to have high thermal 
stabilities.
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Table 2. Copper compounds studied
Additive Color Dec. Point (°C)
Theoretical 
Copper Content (%)
CU2O Rust red >900 88.8
CuCl White -4 0 0 64.2
CuBr White -4 5 0 44.3
CuCl(BPP) White 226 8.5
Cu(S2CNEt2) Tan 125 30.0
CuC20 4 Pale blue 300 41.9
Cu( 0 2CH)2*1.5 H20 Pale blue 199 35.2
CuSn(OH)6 Sky blue >900 22.4
CuSi(OH)6 Pale blue >900 32.8
Cu3(Mo0 4)2(OH)2 Pale green >900 35.0
CuSn03 Blue-grey >900 27.6
CuSb20 6 Pale blue >900 15.9
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3.2. Gelation Studies
To screen the cross-linking efficiency of the smoke suppressants, gelation studies 
were carried out. They were performed by using 10 wt % of an additive or additive 
mixture and 90 wt % of PVC. After blending at liquid nitrogen temperature, each blend 
was heated at 190°C for one hour under an argon flow. The pyrolyzed PVC was then 
weighed and extracted with hot THF overnight in a Soxhlet apparatus. After drying in a 
vacuum oven, the residue (gel) in the thimble was weighed, and the gel content of the 
polymer residue was determined. The gelation studies showed the mass loss of PVC 
during pyrolysis and revealed the amount of cross-linking that occurred. The ideal 
behavior of a promising additive is to promote a high gelation yield coupled with a low 
mass loss during pyrolysis.
From Table 3, several conclusions can be drawn. None of the copper-containing 
additives caused a polymer mass loss greater than 1 0 %, and most of the mass loss values 
were below 5%. Highly Lewis acidic additives, such as FeCl3, have been shown to cause 
mass losses of over 30%.34 These results support the reductive coupling mechanism for 
the copper compounds, in which the unzipping of HC1 from the polymer is hindered by 
the additive. In contrast, in the Lewis acid mechanism, HC1 unzipping is promoted by the 
additive. A graph of the percentage of gelation versus the additive copper percentage 
shows no significant correlation (r2 = 0.2497) (Figure 16).
Most of the additives promoted moderate to large amounts of polymer gelation at 
190°C, and the particularly promising ones were mainly copper(II) oxide materials, such 
as Cu3(M o0 4)2(OH)2, CuSn03, CuSb20 6) CuSn(OH)6, and CuSi(OH)6. Although the 
ideal polymer additive is colorless, these copper(II) complexes still are potential
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Table 3. PVC gelation and mass loss results
Additive Gel Trials PVC Mass Loss 
(%)
PVC Gel Yield (%)
None 2 0.3 <0.5
Cu20 2 2.6 72
CuCl 2 3.0 62
CuBr 2 4.6 60
CuCl(BPP) 4 0.7 60
Cu(S2CNEt2) 2 6.9 66
CuC20 4 2 5.7 50
Cu( 0 2CH)2*1.5H20 2 3.9 65
CuSn(OH)6 2 7.3 70
CuSi(OH)6 2 3.0 84
Cu3(Mo0 4)2(OH)2 2 4.5 91
C uSn03 2 6.3 76
CuSb206 2 4.0 77
(NH4)4Mo80 26** 2 0.2 60
** Commercial smoke suppressant for PVC (AOM).
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sm oke-suppressant for PV C , because they are the m ost therm ally stable o f  the 
com pounds studied (their decom position  temperatures are over 900°C ) and because they  
prom ote excellen t gelation  at temperatures w e ll b elow  those where they decom pose.
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3.3. Cone Calorimetry
Some of the significant data reported by the cone calorimeter include time to 
ignition (TTI), heat release rate (HRR), mass loss rate (MLR), effective heat of 
combustion (EHC), specific extinction area (SEA), and total smoke released (TSR).
The reproducibility of the cone data was of particular concern in our research. 
Therefore, at least two duplicate cone tests were necessary for each formulation. A 
number of plaques containing only pure PVC and 30 phr of Palatinol 79P plasticizer were 
used as controls. Two plaques of PVC with 30 phr of plasticizer and 10 phr of additive 
or additive mixture were burned in the cone calorimeter for each additive tested. The 
calorimeter was programmed to stop calculating data 1 0 0  s after flame-out for each 
plaque. All the plaques were subjected to an irradiance of 50 kW/m2 and were burned 
when using a retainer frame, in order to reduce unrepresentative edge burning in the 
horizontal position. A sample area of 0.008836 m2 instead of 0.01 m2 was used for the 
heat release calculations, taking into account the decreased sample area.
The recorded data presented in Table 4 showed very good reproducibility, as 
described in the Experimental section. Plots of the time dependence of the cone data are 
shown in the Appendix.
3.3.1 Flame Retardancy
Time to ignition (TTI) and heat release rate (HRR) are considered to be the most 
important parameters for evaluating the flame behavior of materials. Poly(vinyl 
chloride), containing about 57% of chlorine, is intrinsically flame-retardant, because the 
HC1 evolved during its combustion is a scavenger of radicals in the gas phase. Therefore,
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the heat release rate of PVC is much lower than those of polyolefms, such as 
polypropylene, polyethylene, etc., which is shown by published data: 155 kW/m2 for 3- 
mm thick PVC, 1133 kW/m2 for 6-mm thick low density polyethylene (LDPE), 1304 
kW/m2 for 3-mm thick polypropylene.36
Significant fire retardancy is evident for the plasticized PVC samples containing 
copper additives. Values for TTI are increased by ca. 20-160% except for Cu(S2CNEt2) 
and CuSi(OH)6. The copper additives make the peak of HRR lower and wider. 
Compared with that of the control sample, the HRR peak of copper-containing PVC 
appears later in the time scale, owing to the longer time to ignition (TTI). The HRRav is 
obviously lowered by 20-50%. Minor deviations in the shape of the heat release rate 
curves such as local maxima or minima are most likely caused by the inhomogeneous 
deformation of the samples during the experiments.
These copper additives have little effect in reducing total heat release (THR), but 
they inhibit mass loss from the solid phase, as indicated by MLRav reductions of 40-80%. 
This observation indicates that the volatiles produced bum easily. This conclusion is 
further supported by effective heat of combustion (EHC) data obtained from the cone 
calorimeter. Effective heat of combustion (EHC) is a measure of the efficiency of 
combustion of the volatiles produced by the thermal degradation of materials. The 
experimental results show that the copper additives increase EHCav to 10-24 MJ/kg, 
while the EHCav of the plasticized PVC was 9.1 MJ/kg. The higher EHCav indicates that 
the volatiles produced were able to bum easily in the gas phase. This result may be 
observed because the copper additives change the decomposition pathway of PVC by 
decreasing the content of the aromatic hydrocarbons and increasing the content of
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aliphatic hydrocarbons. It is well-known that aliphatic hydrocarbons bum more readily 
than the aromatic hydrocarbons.
Typically, there is an inverse relationship between the efficiency of combustion 
and the amount of smoke produced. Thus, samples with high EHC are likely to yield low 
TSR (total smoke released).
3.3.2. Smoke Suppression
The copper-based additives are very effective smoke suppressants in plasticized 
PVC. They are shown by the cone data to reduce smoke significantly, with TSR levels 
lowered by about 45-65% except for Cu(S2CNEt2) and CuSi(OH)6 and SEAav levels 
reduced by 40-60%, except for Cu(S2CNEt2), CuSi(OH)6, and CuSnCE. Specific 
extinction area (SEA) is defined as smoke produced per unit mass of volatiles evolved 
from the specimen. There is no correlation between SEA and copper content of the 
additive, and the initial oxidation state of copper has no apparent effect on smoke 
suppressant performance. The temporal curves of smoke release rate (SRR) are similar to 
that of the control sample, in that they all show two steps of smoke emission. The first 
step is the smoke emission process before ignition that occurs during the non-flaming 
mode; the second step is the process of smoke emission after ignition, i.e., during the 
flaming mode. The copper additives reduce smoke during both modes, whose existence 
may be explained by a two-stage degradation of PVC.
Based on SEA and TSR, good copper additives for smoke suppression are 
CuCl, Cu20 , CuC20 4, Cu(0 2CH)2, and Cu3(Mo04)2(OH)2; based on TTI, HRR, THR,
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and MLR, excellent fire retardance is noted for CuSnC^ and CuSb206, but CuSnCh is a 
poor smoke suppressant. Both Cu(S2CNEt2) and CuSi(OH)6 show rather poor smoke and 
flame performance.
3.4. Performance Comparison Versus Conventional Materials
For comparison, the commercially used additives zinc borate, antimony(III) oxide 
and ammonium octamolybdate (AOM) were tested in plasticized PVC with the cone 
calorimeter. Zinc borate and antimony oxide, when used alone, exacerbated both smoke 
and flame, but AOM offered some significant improvement over the better copper 
additives in some of the smoke and fire parameters. Binary blends consisting of 
A0 M/Sb2 0 3 , AOM/ZB and Sb2 0 3 /ZB were also studied by cone calorimetry, and they 
showed results different from those of the individual additives. But again, Sb2 0 3 /ZB and 
AOM/ZB were not as effective as the better copper compounds in improving the flame 
and smoke performance. However, the A0 M/Sb2 0 3  mixture was a synergistic 
combination that lengthened TTI by 260% and lowered SEAav by 51%, TSR by 67%, 
MLRav by 78%, and HRRav by 48% over the control values.
The mechanism of the synergism might be explained as follows. We know that 
synergism usually results from the operation of different mechanisms that are mutually 
reinforcing. While AOM, for example, is thought to function primarily in the solid state 
by altering the pyrolysis of the polymer to increase charring while minimizing the 
evolution of combustible gases, Sb2 0 3  is considered to be a vapor-phase flame retardant, 
owing to the formation of volatile antimony trihalide and oxyhalide that amplify the 
effectiveness of the halogen in quenching free radicals in the flame. It is noteworthy that
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this fairly strong Lewis acid combination results in a high burning efficiency, as indicated 
by the elevated EHCav value (144% increase over the control).
3.5. Synergism Study of Copper Additives
With the objective of optimizing fire-retardant performance in respect to both 
flame and smoke suppression, several copper additives were regarded as promising 
candidates for a study of synergism. Compared to the control sample, Cu3(Mo0 4 )2(OH)2 
significantly reduced smoke parameters TSR (by 62%) and SEAav (by 41%), but had a 
fairly modest impact on fire parameters TTI (18% increase) and HRRav (31% reduction). 
It also yielded the most char among all the additives studied. On the other hand, CuSn0 3  
greatly improved TTI (by 155%), reduced HRRav by 44% and MLRav by 79%, but 
worsened SEAav by 21%. Another promising candidate was CuSb206, which enhanced 
TTI by 191%, reduced HRRav by 42% and MLRav by 78%, and lowered SEAav by 21%.
Owing to the different behavior of the three additives, the synergism study was 
carried out by using a total of 10 phr of the binary mixtures Cu3(Mo0 4 )2(OH)2/CuSn0 3  
and CuSb20 6 /Cu3(Mo0 4)2(OH)2.
In the case of Cu3(Mo0 4 )2(OH)2/CuSn0 3 , these two additives were strongly 
synergistic for smoke suppression, as is shown in Figure 17a. The optimal combination 
was found to be the 2:1 (w/w) Cu3(Mo0 4 )2(OH)2/CuSn0 3  mixture, which reduced SEAav 
and TSR by 64 and 79%, respectively. These results indicated even better smoke 
suppression performance than was found with either additive alone or with 1:1 (w/w) 
A0 M/Sb2 0 3 . However, as is shown in Figure 17b, a plot of the TTI versus additive 
composition revealed no synergism for fire retardance.
T
ot
al
 S
m
ok
e 
R
el
ea
se
d
43
% C uSnO , in add itive
80100 60 40
3500 1600
-  14003 0 0 0 - •  SEA 
□ TSR*
-  1200
2 5 0 0 -
-  1000
2 0 0 0 -
-8 0 0
1 5 0 0 -
- 6 0 0
1 0 0 0 -
-4 0 0
5 0 0 - -200
0 20 40 60 80 100
O)
c
o*3oc
o«=o
&
%  C u3(M o 0 4)2(O H )2 in a d d it iv e
(a) Synergistic trends for SEA and TSR
% C u S n 0 3 in a d d itiv e
100 80 60 40 20 0
2 0 0 -
i in e a r  fit, r2=0.9881 8 0 -
1 6 0 -
1 4 0 -O)
1 2 0 -
1 0 0 -
8 0 -
0 20 40 60 80 100
%  C u 3(M o 0 4)2(O H )2 in  a d d i t iv e
(b) Additive trend for TTI
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In CuSb20 6/Cu3(Mo0 4 )2(OH)2 binary blends, the two additives were synergistic 
as both fire retardants and smoke suppressants, as is shown in Figure 18. The optimal 
combination was found to be 3:1 (w/w) CuSb206/Cu3(Mo04)2(OH)2, which reduced SEA 
and TSR by 62 and 77% respectively, and increased TTI by 263%.
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The 2:1 (w/w) Cu3(Mo0 4 )2(OH)2/CuSn0 3  and 3:1 (w/w)
CuSb20 6/Cu3(Mo04)2(OH)2 copper additive mixtures were tested by an industrial 
collaborator, and the results are shown in Figures 19 and 20, respectively. The mixtures 
were evaluated in a semirigid PVC formulation versus ammonium octamolybdate 
(AOM), a commerical zinc/molybdenum complex, alumina trihydrate (ATH), and zinc 
borate, four conventional smoke suppressants that are used in PVC compounding. The 
data show that the Cu3(Mo0 4)2(OH)2 /CuSn0 3  blend provided a significant reduction in 
smoke versus the control and was, in that respect slightly more effective than AOM. This 
blend also showed higher oxygen index values than AOM at equivalent loading levels. 
The binary copper complex CuSb206/Cu3(Mo04)2(OH)2 also gave a significant reduction 
in smoke and an increase in oxygen index versus the control. With regard to smoke, this 
copper-containing smoke suppressant was essentially equivalent to AOM at the highest 
level used and slightly less effective than AOM at lower levels. Disadvantages of the two 
copper-containing synergistic smoke suppressants are poor dynamic heat stability and the 
green color of the final formulations. One of our recent research goals is to develop new 
additives that can avoid these problems.
What makes the synergism occur with the mixture of copper additives? There is 
not yet a conclusive answer to this question. However, synergism is usually caused by 
the operation of different mechanisms that are mutually reinforcing, and there are several 
possible mechanisms that can be considered for these systems. One is Lewis-acid- 
promoted cross-linking caused by one or both of the additives or by acids such as CuCL, 
SnCl4, SbCL, and M0 O2CI2 that may be formed in situ. Another possibility is reductive 
coupling caused by Cu(0) formed directly or resulting from the valence
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disproportionation: 2Cu(I) -» Cu(0) + Cu(II). It should be noted that the condensed 
phase of burning PVC is well-known to be a strongly reducing medium that converts 
higher-valent copper species into Cu(0).
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IV. Summary
Several copper-containing compounds have been tested in PVC for cross-linking 
ability and for smoke suppression and fire retardance.
At 190°C, the cross-linking of PVC was promoted dramatically by most of the 
compounds, and gelation tests showed that none of them caused PVC mass losses of 
more than 10%. The latter result supports a reductive coupling mechanism for cross- 
linking.
Cone calorimeter data showed that plasticized PVC was improved with respect to 
both flame and smoke through the use of copper-based additives, especially mixed 
copper oxides.
Synergism was observed for smoke suppression when using mixtures of 
Cu3(MoC>4)2(OH)2 and CuSn0 3 . A 2:1 (w/w) mixture was found to be the optimal 
combination, and it reduced SEAav and TSR by 64 and 79%, respectively. Mixtures of 
CuSb2C>6 and Cu3(MoC>4)2(OH)2 showed strong synergism for both smoke and flame 
suppression, and in that case, a 3:1 (w/w) combination was the optimal one. It reduced 
SEAav and TSR by 62 and 78%, respectively, and increased TTI by 263%. In tests 
performed by an industrial collaborator, these two optimal mixtures were confirmed to 
provide greater reductions in smoke and higher oxygen index values when they were 
compared with a number of conventional smoke suppressants.
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Appendix: Graphs of cone calorimeter data
Pure PVC
A n n  Effective h a il o f  com bustion (MJ/fcg)
310
14.0
16.0 .
1 .0
0 .0 JO0400100
jjq iricasc trie (kw/m*)
193
111
500400100
41.0
16.0
0 .0 300400100
Specific extinction h i  (reVfcg)1210.0
1024.0
SI2.0
236.0
0 .0 300400100
m/> Men Ion rate (g/s)w,*w n i n m  m i h i m ii it
0.20
0.13
0.10
0.03
0.00
400 3000 100
reigned (Ml/m*)
32.0
24.0
16.0
1 .0  .
0.00 100 400 300
|  Rale of moke release (i/s)
26.2
19.7
13.1
6.6 .
0.0
3000 400100
5 120.0 Towl smoke rcleese (■•)'
4096.0
3072.0
2041.0
1024.0
0.0
4000 100
52
Cu20
I6Q H e «  release rale (kW /m 'J
111
0 120 600410
i o  n Effective heal o f  combustion (MJ/kg)
41.0
16.0
0.0
410 6000 120
i i«n n Specific extinction area (mVkg)
1024.0
761.0
156.0
0.0
6000 410120
64.0
310
16.0
0.0
410 6000 120
son Total heal released (Ml/m*)
310
24.0
16.0
t.0
0.00 120 410 600
ota  Mass loss rets (g/s)
0.20
0.IJ
0.10
0.0J
0.00
410 6000 120
5 HOft Total «m«»kc eclnac <-)
4096.0
2041.0
0.0
410 6000 120
Rale of smoke release (I/s)1 u' r'  .........I..........   rrri
13.1
9.1
6.6
0.00 410 600120
53
CuCl
121
600 7500 ISO
Effective h o t  o f combustion (MJ/Vg)
32.0
16.0
1.0
0.0
600 7S00
64.0
41.0
32.0
16.0
0.0
600 730ISO0
1210.0
1024.0
761.0
0.0
750600ISO
q | j  Men Ion rate (g/s)
0.10
0.01
0.05
0.03
0.00
600 7500 150
4 0  g Total heal released (MJ/m1)
32.0
24.0
16.0
1.0
0.0
600 7500 ISO
Total smoke release (-)
2048.0 L
1024.0
512.0
0.0
7506000 ISO
I g 4 Rate of smoke release (I/s)
13.1
9.8
6.6
0.0
7506000 ISO
CuBr
54
j 2o  H m  nde*M  n t s  (kW /m *)
Am.
0 100 M O ^ J O O  400 500
11  tn n Sptawfic ccUncUoo »re* (m'/Vg)
1024.0
761.0
512.0
256.0
0.0
4000 100
m  n  Effective h e ll o f  combuwiort
320
16.0
0.0
5004000 100
64.0
41.0
310
16.0
0.0
400 $000 100
io n  TouJ hen relcMcd(MJ/m*)
32.0
24.0
16.0
1.0
0.0 100 400 500
3 2 j  3Uw of awoke i f k t t  (1/*)
26.2
19.7
13.1
0.0 100 400 500
0  5* Mu* loss rate (gft)•*vp I > [Ml Wl » I 9 I
0.15
0.10
0.05
0.000 100 400 500
5 I2 0 -O Tom smoke iclcssc (•)
4096.0
3072.0
2041.0
0.0
400 500100
55
CuCl(BPP)
l fl n Effective heat of combustion (MJAgJ
64.0
32.0
16.0
0.0
440 3600 110
320 Heat release rate (IcW/m*)
266
121
440 6601100
2660.0 Specific extinction arte (mWg)
1024.0
0.0 110 4400
64.0
48.0
32.0
16.0
0.0
4400 110
4 0  0  Total heat released (MJ/m*)
32.0
24.0
16.0
110 660
8M Mass toss rale (g/J)
0.20
0.16
0.10
0.06
0.00
4400 660n o
32.8 Rate of imofcc release (I/s)
26.2
19.7
13.1
6.6
0.0
n o 660440
6120.0' smoke release (•)
4096.0
3072.0
1024.0 .
0.0
n o 660
56
CuC20 4
Iqq Heal RkM  rale (kW/m*)
121
0 120 4(0 600
M n Effective heat of combustion (Mi/kg) ................   i i urn
64.0
41.0
32.0
16.0
0.0
410 6000 120
12(0 ,0  Specific extinction area (mVfcg)
1024.0
76S.0
0.00 120 410 600
40.0 .
64.0 .
41.0
32.0
16.0
0.0
4(00 600120
o Matt ion rate ((/>)  .
0.20
0.IS
0.10
0.03
0.00
6004100
»n ft Total heat reletted (MJ/m')
32.0
16.0
0.0
410 6000 120
2560 0 Total smoke release (•)
2O4S.0
1536.0
1024X3
512.0
0.0
6004(00 120
I j  g Rate of smoke release (I/s)
13.1
9.1
3.3 -i
0.0
6004(00 120
57
Cu(0 2CH2)*1.5H20
gOO Effective heatof combustion (MJAg)
64.0
48.0
32.0
16.0
0.0
S60 7000 140
i fxt Heat release rate (kW/m*)
128
7003600 140
£00
64.0
48.0
32.0
16.0
0.0
360 7000 140
1380 » Specific extinction area (mVkg)
1024.0
768.0
312.0
236.0
0.0
7000 360140
in n  Total heal released (Ml/m*)
24.0
16.0
8.0
0.0
140 360 700
0  2 6  M o  ton wit (g/s)
0.13
0.10
0.03
0.001
700
16.4 Rale of smoke release (I/s)
13.1
9.8
6.6
0.0
140 360 700
2360.0 Total smoke cel ease (•)
2048.0 L
1336.0
1024.0
312.0
0.0
360 700140
58
Cu(S2CNEt2)
da 0 Effective heat of combustion (MJ/kg)
ov,w f r i r ittti i i i i i i i rrr 1 i i i i i i i i i r n~nrr i i
64.0
48.0
32.0
16.0
0.0
3200 80 400
2 2 0  Heat release rate (kW/m3)
256
192
128
4000 32080
TTTT
64.0
48.0
32.0
16.0
0.0
320 4000 80
5120 0 Specific extinction area (m'/kg)
4096.0
3072.0
2048.0
1024.0
0.0
4003200 80
q 2 g Mass loss rate (g/s)
0.20
0.15
0.10
0.05
0.00
40080 3200
80 0 Total heat released (MJ/m3)
64.0
48.0
32.0
16.0
0.0
3200 80 400
5120 0 Total smoke release (-)
4096.0
3072.0
2048.0
1024.0
0.0
80 320 4000
Rate of smoke release (I/s)"'""ii.......   "32.8
26.2
19.7
13.1
6.6
0.0
320 4000 80
59
Cu3(Mo0 4)2(OH)2
gO o Effective heat o f combustion (MJ/kg)
64.0
48.0
32.0
16.0
0.0
900 360 450
Heat release rate (kW/m1)
256
192
128
64
3600 90 450
64.0
48.0
32.0
16.0
0.0
90 360 4500
■>sun n Specific extinction area (mVkg)
2048.0
1536.0
1024.0
512,0
0.0
3600 90 450
0.26
0.20
0.15
0.10
0.05
0.00
4503600 90
4 q 0 Total heat released (MJ/m1)
32.0 L
24.0
16.0
8.0
0.0
360 •4500 90
51200 Total smoke release (•)
4096.0
3072:0
2048.0
1024.0
0.0
450360900
3 2  g Rate of smoke release (I/s)
26.2
19.7
13.1
6.6
0.0
360
60
CuSnC>3
Effective heat of combustion (MJ/kg)
■m ■ i i ., i i -n , , ■iTn-l-rrTTTTTT, rrr80.0
64.0
48.0
32.0
16.0
0.00 80 320 400
I Heat release rate (kW/m*)
128
800 320 400
5I2Q0 S^ificextinctionarea(ma/kg)
4096.0
3072.0
2048.0
1024.0
0.00 80 320 400
64.0
48.0
32.0
16.0
800 320 400
0  2 6  Mass loss rate (g/s)
0.20
0.15
0.10
0.05
0.00
400320
2 0  o Total heat released (MJ/m1)
16.0 1
12.0 L
4.0
0.0
320 4000 80
5120.0
4096.0
3072.0
2048.0
1024.0
0.0
4003200 80
3 2  g Rate of smoke release (1/s)
26.2
19.7
13.1
6.6
0.0
4003200 80
61
CuSi(OH)6
Heat release rate (kW/m2)
........... i ............... i ........320
256
192
128
0 80 320 400
gQ q Effective heat o f combustion (MJ/kg)
64.0
32.0
16.0
0.00 80 320 400
5120 0 Specific extinction area (m’/kg)
4096.0
3072.0
2048.0
1024.0
0.00 80 320 400
ron M f»(g)
64.0
48.0
32.0
16.0
0.00 80 320 400
q Mass loss rate (g/s)
0.20
0.15
0.10
0.05
0.00 400320
Total heat released (MJ/m2) ....   I I    " VTTT-40.0
32.0
24.0
16.0
0.0 400320
Total smoke release (•)5120.0
4096.0
3072.0
2048.0
1024.0
0.0 400320
■Vi a Rate smoke release (I/s)
26.2
19.7
13.1
6.6
0 .0 400320
CuSb20 6
62
go o Effective heat of combustion (MJ/kg)
64.0
48.0
32.0
16.0
0.00 360 45090
I ay  Heat release rate (IcW/m1). it , i urn it i ii i i i I i i i l i
128
360 4500 90
64.0
48.0
32.0
16.0
0 .0
90 360 4500
Specific extinction area (mVkg)
tti rn-i-p  .................25600
2048.0
1536.0
1024.0
0.0
90 360 4500
q 2 £ Mass loss rate (g/s)
0.20
0.15
o.io
0.05
0.001
360 4500 90
2 0  0  Total heat released (MJ/m3)
16.0
12.0
8.0
0.0
360 450900
5120 0  Total smoke release (-)
4096.01
3072.0
2048.0
1024 0
0 .0
45090 3600
Rate of smoke release (1/s)
26.2
19.7
6.6
0.0
360 450
63
ZB
320
256
192
128
0 80 320 400
80.0 Effective heat o f combustion (MJ/kg)
64.0
48.0
32.0
16.0
0.00 80 320 400
5l2oo Specific»ti^ionare«(niaA^)
4096.0
3072.0
2048.0
1024.0
0.00 320 40080
64.0
48.0
32.0
16.0
0.00 80 320 400
q 2 £ Mass loss rate (g/s)
0.20
0.15
0.05
40032080
4 q q Total heat released (MJ/m1)
32.0
24.0
16.0
8 . 0
0.0
320 4000 80
5120 0 Total smoke release (-)
4096.0
3072.0
2048.0
1024.0
0 . 0
400320800
65 S Rate of smo^e release (I/s)
52.4
39.3
26.2
13.1
0.0
400320800
Sb20 3
64
17n Heat release rate (kW/m*)
n  IT1r r f M i M » i i i i i » rrriTTT
256
192
128
3502800 70
10240.0
8192.0
6144.0
4096.0
2048.0
0 .0
280 3500 70
■ onn Effective heat of combustion (MJ/kg)
OW.V , .........  . i riTITTfTn 'I'rTTI'T I f >'»■! I I I I I T l'T
64.0
48.0
32.0
16.0
0.0
280 3500 70
64.0
48.0
32.0
16.0
0.0
3502800 70
0  5 i Mass loss rate (g/s)
0.41
0.31
0.20
010
0.00
280 3500 70
4 0  o Total heat released (Ml/m1)
32.0
24.0
16.0
0.0
rw rime<s?10 2® 3500 70
Rate of smoke release (I/s)  .
^imetf10 280 350
10240 0 Total smoke release (•)
8192.0 L
6144.0
4096.0
2048.0
0.00 70 350280
65
(N H 4)4M 0 8026
gQ g Effective heat of combustion (MJ/kg)
64.0
48.0
32.0
16.0
0.0
5001000 400
lgg Heat release rate (kW/m1)
128
400 5000 100
Specific extinction area (mVkg)    .2560.0
1536.0
1024.0
512.0
0.0
500400100
64.0
48.0
32.0
16.0
5001000 400
0 26 Mass loss rate (g/s)
0.20
o .is i
0.10
0.05
0.001
5004000 100
40.0
32.0
24.0
16.0
8.0
0.0
400 5000
2560 0 Total smoke release (-)
2048.0
1536.0
1024.0
512.0
0.00 100 400
1 6 4  Rate of smoke release (1/s)
13.1
98
6 . 6
3.3
0.0
400 5000 100
66
CuMo/CuSn(2:l)
Igg Heat release rate (kW/m’)
128
400320800
1280 0 Specific extinction area (mVkg)
1024.0
768.0
512.0
256.0
0 .0
400320800
Total heat released (MJ/m2)
n i rrnTniT, ,-n i  ...............40.0
32.0
24.0
16.0
8.0
0.00 80 320 400
Rate of smoke release (1/s)1 ■1 ■1 ■ i........ 'i....8 .2
6.6
4.9
3.3
1 .6
0.0
800 320 400
gQ q Effective heat of combustion (MJ/kg)
64.0
48.0
32.0
16.0
0 .0
400320800
80.0
64.0
48.0
32.0
16.0
0 .0
400320
q 2 5  Mass loss rate (gIs)
0.20
0.15
0.10
0.05
0.000 80 320 400
1280 0  Total smoke release (•)
1024.0
768.0
512.0
256.0
0.0
800 320 400
67
CuMo/CuSn (1:1)
gQ g Effective heat of combustion (MJ/kg)
64.0
48.0
32.0
16.0
0.0
400320800
jgg Heat release rate (kW/m3)
128
.64
320 400800
tmn Mass(g)
64.0
48.0
32.0
16.0
0.0
400320800
2S60 0 Specific extinction area (mVkg)
2048.0
1536.0
1024.0
512.0
0 .0
320 400800
4 q Q Total heat released (MJ/m3)
32.0
24.0
16.0
8.0
0 .0 0 80 320 400
rate (g/s)
0.41
0.31
0.20
0.10
0.000 80 320 400
lg ^ Rate of smoke release (I/s)
13.1
6.6
0.00 80 320 400
2560 0  ^ota* smoke release (•)
2048.0
1536.0
1024.0
512.0
0 .00 80 320 400
68
CuMo/CuSn( 1:2)
I Heat release rate (kW/mJ)
128
90 4500 360
go Q Effective heat of combustion (MJ/kg)
360 450
1280 0 Specific extinction area (mVkg)
1024.0
768.0
512.0
256.0
0.0
90 4500 360
64.0
48.0
32.0
16.0
0.00 90 360 450
-m n Total heat released (MJ/ma)
16.0
12.0
4.0
0.0
450360900
q 2 g Mass loss rate (g/s)
0.20
0.15
0.10
0.05
0.00
360 450900
tfid  Rate ofsmokc release (I/s)
13.1
6 .6
3.3
0.0
450360900
2560 & Total smoke release (•)
2048.0
1536.0
1024.0
512.0
0.0
450360
69
CuSb/CuMo(l:2)
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CuSb/CuMo(6:l)
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L Introduction
1.1. General
Each year, Americans report over three million fires, which lead to 29,000 
injuries and 4,500 deaths. The direct property losses exceed $8 billion, and the total 
annual cost to society is estimated at over $100 billion.1 Fires occur when an ignition 
source, such as a match, cigarette, or stove burner, meets a flammable product, such as a 
chair, wall, or scattered papers. The heat from the source causes thermal decomposition 
of the polymers in the flammable material, generating chemical fragments that vaporize. 
At a sufficiently high temperature, these fragments react with the oxygen in the air to 
release more heat. Some of this heat then radiates or returns to the product, thereby 
breaking down more polymer strands, creating more gas-phase fuel, etc. The burning 
cycle is shown in Figure 1.
Polymer
thermally
decompose
Volatile flammable
products
heat transfer
Heat + Products of 
combustion
flame
Figure 1. The burning cycle for a polymer2
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1.2. Fire Retardants
The use of plastics grew dramatically in the latter part of the twentieth century, 
and along with that came a growth in the use of flame retardants of all types. Because 
plastics are synthetic organic materials with high carbon and often high hydrogen 
contents, they are combustible. Fire retardants can prevent or reduce the formation of 
fuel, quench flame,, or make it more difficult for heat to be transferred back to the 
polymer (e. g., by causing a char to form). An ideal fire retardant should be easy to 
incorporate in and be compatible with the polymer and not alter its mechanical properties. 
An ideal fire retardant also should be colorless, exhibit good light stability, and be 
resistant to aging and hydrolysis. Its action temperature should be lower than the 
decomposition temperature of the polymeric material. Moreover, it must not cause 
corrosion, must be effective in small amounts and odorless, must emit only low levels of
# ■j
smoke and toxic gases, and be as inexpensive as possible.
Fire retardants are divided into two classes: reactive flame retardants and additive 
flame retardants.4
Reactive flame retardants serve as components which are built chemically into the 
polymeric material, so that their flame retardance is retained. Additive flame retardants 
are incorporated into the polymer either prior to, during, or more frequently following 
polymerization, but they do not react chemically with the polymer itself at ambient or 
processing temperatures. They may act as plasticizers or as fillers.
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1.3. Halogenated Flame Retardants
Among all the flame retardants, those containing halogen have great commercial 
significance today. The effectiveness of halogen-containing flame retardants increases in 
the order F < Cl < Br < I.3 Fluorine compounds are expensive and ineffective. Iodine 
compounds, though effective, are expensive and too unstable to be used. Of the two 
remaining classes of halogenated substances, bromine compounds are generally 
considered to be more effective than the corresponding chlorine ones. But they are more 
expensive and less thermally and photochemically stable because of the weak carbon- 
bromine bond.5 Chlorinated flame retardants are used in plastics mainly in the form of 
chlorinated acyclic hydrocarbons or chlorinated cycloaliphatics. They are low in cost and 
offer good stability.
Some commercially important organohalogen flame retardants are given in Table
1. Among them is “Dechlorane Plus” (Dech Plus), which is used extensively.6 Dech 
Plus is readily prepared by a Diels-Alder reaction of two equivalents of 
hexachlorocyclopentadiene with 1,5-cyclooctadiene, as shown in Figure 2.
Cl ci
ci— cici— ci
ci
ci
Dech Plus
Figure 2. Dech Plus synthesis
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Table 1. Halogenated flame retardant additives5
Decompo­
sition Temp,Halogen, mp, °CExample of StructureClass
Brominated
400300
aromatics
Brominated
60-80 200-250 440
polyaromatics
Liquid toChlorinated
17520-70
paraffin 175
ciChlorinated
350350Cl--Cl Cl - - Cl
cycloaliphatic ci
ci Cl
As a very stable flame-retardant additive, Dech Plus is especially suitable for 
applications that require high-temperature processing characteristics, no weight loss, no 
plasticization, and good moisture resistance.6
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1.4. Interaction Between Dech Plus and Antimony Trioxide
Generally, addition of approximately 40 wt % of the halogen-containing flame 
retardants is needed in order to obtain a reasonable degree of flame retardancy.1 This 
addition usually adversely affects the physical properties of the polymer. The addition of 
inorganic flame retardants may enhance the efficiency of the halogenated ones, resulting 
in the overall reduction of the weight of the flame-retardant additive package and 
minimizing the adverse effects of the retardants. Antimony trioxide shows no flame- 
retardant action on its own. However, it produces a marked synergistic effect with 
halogen-containing compounds.3,7
Mixtures of antimony trioxide with chlorine or bromine compounds have been 
widely used for many years as flame retardants for polymers. On heating, these fire 
retardants produce volatile metal halides that are well-known to be flame inhibitors. The 
much greater effectiveness as flame inhibitors of metal halides, as compared to hydrogen 
halides evolved in the absence of the metal compound, is a possible explanation of the 
synergistic effect. However, the mechanisms that lead to the formation of the metal 
halides are not yet fully understood.
1.5. Possible Routes from Sb20 3 to SbCl3
The reactions which yield the volatile flame inhibitor SbCh are controversial. It 
is suggested that the mechanism for forming antimony trichloride depends on whether or 
not the chlorinated compound eliminates HC1 upon heating. In the case of chloro 
compounds that can easily liberate HC1 at combustion temperatures, the formation of 
SbCb was proposed to occur either directly by reaction of antimony trioxide with HC1,
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(equationa 1) or indirectly through an intermediate oxychloride such as SbOCl, as shown
o
in equation 2 and 3.
Sb20 3 + 6 H C lt----► 2SbCl3t  + 3H2O t (1)
Sb20 3 + 2 HClt -----► 2SbOCl + H2O t (2)
SbOCl + 2HClt -----► SbCl3t  + H2O t (3)
In the case of chloro compounds such as Dech Plus, which do not tend to eliminate HC1
on heating, the route to SbCl3 apparently must begin with the direct transfer of chlorine to 
antimony, and several mechanisms for accomplishing such a transfer have been 
proposed. They include (a) the direct attack of a C-Cl moiety by Sb2 0 3 , 9 (b) the reaction 
of Sb203 with chlorine-containing species (other than HC1) that are formed by the 
thermolysis of the organic chloride,9 (c) oxidation of the polymer by Sb20 3 to form Sb(0), 
which then acquires chlorine from a C-Cl bond,10 and (d) the abstraction of chlorine from 
such a bond by an (antimony trioxide)/polymer complex.10 Subsequent transfers of 
chlorine might occur in similar ways.
However, there is an alternative possibility, in which SbCl3 results from the
* ii j2thermal disproportionation of oxychloride intermediates, as shown in equations 4-6. ’
2 7 0 - 2 7 5 ° C  .
5 SbOCl ------------ ► Sb40 5Cl2 + SbCl3t
4 0 5 - 4 7 5 ° C
11 Sb40 5Cl2  ► 5Sb8OnCl2 + 4SbCl3t
4 7 5 - 5 7 0 ° C
3Sb8Oi ,C12  ► 11 Sb20 3 + 2SbCl3t
1 1Actually, Pitts et al. suggested the formation of Sb30 4Cl in reaction 5, whereas the 
formation of Sb80nC l2 currently seems acceptable to most researchers.
(4)
(5)
(6)
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Another type of mechanism for antimony trihalide formation also pertains to the 
additives that do not liberate hydrogen halide directly. They are proposed to undergo 
reactions with macroradicals to produce free halogen atoms that then abstract hydrogen 
from the polymer in order to form the hydrogen halide that reacts with antimony 
trioxide.10
Antimony trihalides are the flame-retardant species, regardless of whether they 
are produced directly from the starting antimony-halogen mixtures or from antimony 
oxyhalides. They inhibit combustion by changing the decomposition products formed 
from the polymer and by modifying the reactions in the flame to make them less 
exothermic.14 In the condensed phase, antimony trihalides promote reactions that form 
chars instead of highly volatile gases. The chars serve as heat shields, which deflect heat 
from the flame and slow down the thermal and oxidative decomposition of the polymer. 
They can also form a seal around the polymer that prevents flammable gas from escaping 
and entering the flame. However, this kind of inhibition is considered to be much less 
important.16
1.6. Kang’s Work and Our Objective
Research by Kang identified the organic products formed from heated mixtures 
of nylon 6,6, antimony trioxide, and Dech Plus, and it aided understanding of the flame- 
retardant characteristics of this system.15 The principal analytical techniques used were 
TGA, GC/MS, FTIR, and NMR. Kang found that when Dech Plus was present in the 
mixtures, partially reduced isomers of it were formed, and that this process was promoted
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significantly by antimony trioxide. However, mechanistic details of the reduction 
process were not elucidated in his work.
Our work was concerned with the mechanism for the reductive dechlorination of 
Dech Plus by mixtures of antimony(III) oxide and polymers. Polyethylene (PE) was 
specifically selected for study because of its weak acidity, and TGA was used to 
determine the weight losses. The pyrolysis products were analyzed by GC/MS, and 
relatively low pyrolysis temperatures were used in an attempt to minimize complications 
resulting from side reactions.
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II. Experimental
2.1. Materials
Dechlorane Plus (Dech Plus) and antimony trioxide were supplied by the 
Occidental Chemical Corporation (OxyChem). Polyethylene (density = 0.94 g/mL) was 
supplied by Aldrich (Catalog No. 33211-9). Fisher supplied tetrahydrofuran (THF) 
containing 0.031% of BHT as an oxidation inhibitor.
2.2. Instrumental Analysis
2.2.1. Thermogravimetric Analysis (TGA)
All experiments were conducted with a Shimadzu TG-50 instrument under a 
flowing nitrogen atmosphere (50 mL/min). The samples were prepared by grinding with 
a mortar and pestle at liquid nitrogen temperature. A measured mass of the sample (12- 
20 mg) was placed in the platinum pan of the apparatus. All samples were pyrolyzed at 
320°C under nitrogen (50 mL/min). The heating program consisted of an initial 
10°C/min increase to the desired temperature, followed by a 6-h hold at 320°C. 
Afterwards, the temperature was reduced to room temperature at the rate of 50°C/min. 
The reproducibilities of the total mass losses were found to be within ±5-15% of the final 
values.
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2.2.2. Gas Chromatography/Mass Spectroscopy (GC/MS)
A Hewlett-Packard 5890 Series II GC instrument equipped with a cross-linked 
methyl siloxane capillary column [12 m x 0.2 mm] was used with a Hewlett-Packard 
5971A Mass Selective Detector. Sample data were analyzed by using Hewlett-Packard 
G1034B software for the MS ChemStation (DOS series).
The carrier gas was helium, and the column temperature was increased from 50 to 
300°C at a programmed rate (see Table 2).
Table 2. GC/MS parameters
Injector temperature 200°C
Detector temperature 200°C
Initial hold 2 min at 50°C
Rate 20°C/min to 300°C
Final hold 10 min at 300°C
2.3. Pyrolysis of PE/Additive Mixtures
Pyrolysis studies were performed in an open system with mixtures of (a) Dech 
Plus, antimony trioxide, and PE; (b) Dech Plus and PE alone. About 2.5 g of the sample 
was placed into a 25-mL two-necked round-bottom flask. The flask was then put into a 
preheated Wood’s metal bath, and the mixture was pyrolyzed under flowing argon for 6 h 
at 325°C (±5°C). Volatile products were trapped in a U-tube which was immersed in an 
acetone/Dry Ice slush that kept the temperature at -80°C. The resulting condensate was 
dissolved in THF, and this solution was subjected to GC/MS analysis.
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III. Results and Discussion
3.1. Thermogravimetric Analysis Results
All samples were heated to 320°C at the rate of 10°C/min and held at that 
temperature for 6 h. In Kang’s experiments with nylon 6,6,15 30 min was the holding 
time. We chose 6 h because PE is nonpolar, making the reaction in it much slower, as a 
result of the much lower solubility of Dech Plus and antimony trioxide in PE as 
compared to nylon 6,6. It was impossible to make reactivity comparisons in PE with a 
hold time of only 30 min.
Both pure nylon 6,6 and polyethylene produced only a small weight loss, but pure 
Dech Plus lost a considerable amount of weight. It was shown that the weight loss from 
Dech Plus at 320°C was due mainly to sublimation, not to decomposition, because the 
volatile product was a white solid whose decomposition point and FTIR spectrum were 
identical to those of authentic Dech Plus.15 As is well-known, antimony trioxide is not 
volatized at 320°C.16 In Figure 3, the TGA curves of nylon 6,6, 90:10 nylon 
6,6/antimony trioxide, 90:10 nylon 6,6/Dech Plus, and 82:10:8 nylon 6,6/Dech 
Plus/antimony trioxide are overlaid.15 It is shown by the curves that when Dech Plus 
alone or Dech Plus and antimony trioxide are present in the polymer, there is more 
weight loss. In Figure 4, where the TGA curves of PE, 4:1 PE/Dech Plus, and 72:18:10 
PE/Dech Plus/Sb20 3 are overlaid, it is revealed that there is more weight loss when Dech
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Plus is available and that at the same PE/Dech Plus ratio (4:1), this process is promoted 
significantly when antimony trioxide is added.
3.2. Gas Chromatography/Mass Spectroscopy Results
Kang reports GC/MS results for the nonvolatile residue from Dech Plus, heated 
alone in a sealed tube at 320°C for 22 h. A peak with the retention time of 8.21 min is 
pentachlorobenzene. Three peaks with retention times of 11.99, 12.53, and 13.08 min 
are isomers resulting from the loss of a cyclopentadiene moiety from Dech Plus.
Figure 5 shows GC/MS results for the volatile products of a pyrolyzed 90:10 
nylon 6,6/Dech Plus mixture.15 The peak with the retention time of 3.32 min is identified 
as 1,5-cyclooctadiene. The peaks with the retention times of 11.56 and 11.80 min are 
isomers of Dech Plus without one cyclopentadiene ring and with one of the original six 
chlorines having been replaced by hydrogen. The peak with the retention time of 12.08 
min is identified as an isomer of Dech Plus without one cyclopentadiene.
Shown in Figure 6 are GC/MS results for the volatile products of a pyrolyzed 
82:10:8 nylon 6,6/Dech Plus/Sb2 0 3  mixture.15 The peaks with the retention times of
1.32, 3.30, and 8.21 min are cyclopentanone, 1,5-cyclooctadiene, and BHT (from the 
THF), respectively. The peaks with retention times of 10.84, 11.05, 11.55, and 11.79 min 
are identified as isomers of Dech Plus without one cyclopentadiene, but all of these 
materials have been dechlorinated, in that one or two of the original six chlorines has 
been replaced by hydrogen. Comparison with the GC/MS results for 90:10 nylon 6,6/ 
Dech Plus shows that the peak with the retention time of 12.08 min, which is produced by 
the unreduced isomer of Dech Plus less one cyclopentadiene, has disappeared. In other
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words, no unreduced isomer of Dech Plus without one cyclopentadiene appears in Figure
6. Moreover, all of the peaks with retention times near 18 min are isomers of Dech Plus 
itself that have been partially dechlorinated.
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Figure 5. Gas chromatogram of volatile products from a pyrolyzed 90:10 nylon 
6,6/Dech Plus mixture
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Figure 6. Gas chromatogram of volatile products from a pyrolyzed 82:10:8
nylon 6,6/Dech Plus/Sb203 mixture
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In attempting to understand the mechanism of the reaction of Dech Plus with 
antimony trioxide and nylon 6,6, we chose another polymer (polyethylene) to study.
Figure 7 shows GC/MS results for the volatile products from a pyrolyzed 4:1 
PE/Dech Plus mixture. The peak with the retention time of 11.40 min is identified as a 
partially dechlorinated isomer of Dech Plus without one cyclopentadiene. The peak with 
the retention time of 11.93 min is an unreduced isomer of Dech Plus from which a 
cyclopentadiene has been removed.
The GC/MS results for the volatile products from a pyrolyzed 72:18:10 PE/Dech 
Plus/antimony trioxide mixture are shown in Figure 8. The chromatogram contains the 
same major peaks as the one in Figure 7. However, the ratio of the reduced to the 
unreduced product has increased dramatically, and the extent of reduction is now around 
66%. On the other hand, the extent of reduction in the absence of antimony trioxide is 
only ca. 14%. The yield calculation method and results are given in Table 3. From the 
data presented there, it is clear that the reductive dechlorination is a facile process in PE, 
even at the relatively low temperature of 320°C, and that antimony trioxide strongly 
promotes this process.
3.3. Discussion
When there is no antimony trioxide in the mixture, the reductive dechlorination 
reaction can occur only by C-Cl homolysis, followed by hydrogen abstraction from the 
polymer by the carbon-centered radicals that are formed. The other homolysis product, 
the extremely reactive radical Cl«, is also likely to abstract hydrogen, thus producing 
gaseous HC1, whose escape can account for some of the weight loss.
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Figure 8a. GC/MS analysis of volatile products from a pyrolyzed 72:18:10
PE/Dech Plus/Sb20 3 mixture
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Table 3. Calculation of the percentage of Dech Plus reduction
PE:Dech Plus (4:1) PE/Dech Plus/Sb20 3 
(72:18:10)
Run 1 Run 2 Run 1 Run 2
A: Total weight of GC- 
analyzed fraction (g)
0.17 0.14 0.31 0.28
B: Mole fraction of reduction 
product C13H13CI5 in GC- 
analyzed fraction (%)
0.21 0.30 0.54 0.56
C: Total weight of initial 
mixture (g)
2.55 2.50 2.61 2.49
Reduction (%)* 13.2 15.8 67.2 66.0
* % Reduction =100(moles o f Ci3 Hi3 Cl5)/(initial moles o f Dech Plus)
100(AxB)/(molecular weight of Q 3 H 1 3CI5 )
C(weight fraction of Dech Plus in initial mixture)/(molecular weight o f Dech Plus)
When antimony trioxide was present, the weight loss was much greater than that 
in its absence. This increase could be due to the enhanced formation of HC1 and volatile 
organic products, and/or to the formation of another volatile product, antimony 
trichloride. The latter material has very low solubility in the extraction solvent THF, a 
property that would prevent its detection. But in other experiments, when antimony
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trioxide and the retro-Diels-Alder product, hexachlorocyclopentadiene were heated at 
250°C under argon for various lengths of time, SbCl3 was formed as a crystalline 
sublimate and identified by its mass spectrum.16 Therefore, the formation of SbCl3 in our 
reactions is highly probable.
With nylon 6,6, one cannot determine whether the dechlorination is a free-radical 
process or an ionic one,16 because nylon 6,6 can serve as a source of protons as well as 
hydrogen atoms. However, when PE is used instead, its extremely low acidity requires 
the involvement of free radicals in the reductive dechlorination. A possible mechanism 
for the reaction is shown in equations 7-10.16
A
Dech Plus - C18H12C1h * + Cl* (?)
Cl- + Sb20 3 ^  ClSb20 3- (8)
Ci8H12Cln * + P-CH 2CH2-  ----------- ► C18H13Cln  + P-CHCH2-  (9)
ClSb20 3* + P-CHCH2-   ► P-CH =CH - + Sb20 3 + HC1 (10)
According to this scheme, the antimony trioxide serves as a true catalyst. Some of 
the free Cl* atoms may attack the polymer, but it is not necessary for reaction 8 to be 
quantitative in order for the catalysis to occur. The HC1 that ensues from reaction 10 may 
either volatilize or react with antimony trioxide to initiate the formation of volatile SbCl3. 
Vaporizabilities of some of the organic products will be enhanced by the partial reductive 
dechlorination.
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IV. Conclusions
Dechlorane Plus (Dech Plus), a well-known flame retardant for polymers, was 
found to undergo partial reductive dechlorination when heated in nylon 6,6 or PE. When 
antimony trioxide was added to these systems, this process was strongly promoted. The 
synergistic effect of this typical Cl-Sb fire-retardant mixture can be explained by the 
increased yields of hydrogen chloride, antimony trichloride, and antimony oxychloride. 
Thus the reductive dechlorination that leads to these products is likely to play a major 
role in the mechanism of flame suppression.
In order to study the mechanism for the dechlorination, PE was selected 
specifically. In this polymer, the dechlorination was relatively slow, presumably because 
of the low solubility of Dech Plus and Sb2 0 3 . Moreover, owing to the extremely low 
acidity of PE, it could serve only as a source of hydrogen atoms rather than protons. Thus 
the occurrence of reductive dechlorination in PE is considered to be conclusive evidence 
for the operation of a free-radical mechanism.
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